Abstract It has been previously reported that serum levels of 70-kDa heat-shock protein (Hsp70) are elevated in preeclampsia. The aim of the present study was to examine whether increased serum Hsp70 levels are related to clinical characteristics and standard laboratory parameters of preeclamptic patients, as well as to markers of inflammation (C-reactive protein), endothelial activation (von Willebrand factor antigen) or endothelial injury (fibronectin), trophoblast debris (cell-free fetal DNA) and oxidative stress (malondialdehyde). Sixty-seven preeclamptic patients and 70 normotensive, healthy pregnant women were involved in this case-control study. Serum Hsp70 levels were measured with enzyme-linked immunosorbent assay (ELISA). Standard laboratory parameters (clinical chemistry) and C-reactive protein (CRP) levels were determined by an autoanalyzer using the manufacturer's kits. Plasma von Willebrand factor antigen (VWF:Ag) levels were quantified by ELISA, and plasma fibronectin concentration by nephelometry. The amount of cell-free fetal DNA in maternal plasma was determined by quantitative real-time polymerase chain reaction analysis of the sex-determining region Y gene. Plasma malondialdehyde levels were measured by the thiobarbituric acid-based colorimetric assay. Serum Hsp70 levels were increased in preeclampsia. Furthermore, serum levels of blood urea nitrogen, creatinine, bilirubin and CRP, serum alanine aminotransferase and lactate dehydrogenase (LDH) activities, as well as plasma levels of VWF:Ag, fibronectin, cell-free fetal DNA and malondialdehyde were also significantly higher in preeclamptic patients than in normotensive, healthy pregnant women. In preeclamptic patients, serum Hsp70 levels showed significant correlations with serum CRP levels (Spearman R=0.32, p=0.010), serum aspartate aminotransferase (R=0.32, p=0.008) and LDH activities (R=0.50, p< 0.001), as well as with plasma malondialdehyde levels (R= 0.25, p=0.043). However, there was no other relationship between serum Hsp70 levels and clinical characteristics (age, parity, body mass index, blood pressure, gestational age, fetal birth weight) and laboratory parameters of preeclamptic patients, including markers of endothelial activation or injury and trophoblast debris. In conclusion, Cell Stress and Chaperones
increased serum Hsp70 levels seem to reflect systemic inflammation, oxidative stress and hepatocellular injury in preeclampsia. Nevertheless, further studies are required to determine whether circulating Hsp70 plays a causative role in the pathogenesis of the disease. 
Introduction
Preeclampsia is a severe complication of human pregnancy with a worldwide incidence of 2-10% (Duckitt and Harrington 2005) . It is one of the leading causes of maternal and perinatal morbidity and mortality, even in developed countries. Despite intensive research efforts, the etiology and pathogenesis of preeclampsia are not completely understood. Preeclampsia is a two-stage disorder. Stage 1 of preeclampsia is poor placentation, which is followed by the development of the maternal syndrome (stage 2). According to our knowledge, maternal-fetal (paternal) immune maladaptation is the main cause of poor placentation. Subsequent uteroplacental insufficiency leads to placental ischemia and oxidative stress. The ischemic and oxidatively stressed placenta releases proinflammatory (Th1) cytokines, lipid peroxidation products and trophoblast debris (syncitiotrophoblast microfragments, cytokeratin, soluble DNA and RNA of fetal origin and even trophoblast cells) into the maternal circulation, which in turn trigger an excessive maternal systemic inflammatory response. The systemic inflammatory response with systemic oxidative stress and generalized endothelial dysfunction appears to be the cause of the maternal syndrome of preeclampsia (Redman et al. 1999; Redman and Sargent 2005) . The development of preeclampsia is influenced by both genetic and environmental risk factors, suggesting its multifactorial inheritance (Roberts and Gammill 2005) . Heat-shock proteins (Hsps) are ubiquitous and phylogenetically conserved molecules, which indicate their functional importance. They are usually considered to be intracellular proteins with molecular chaperone and cytoprotective functions (Hightower 1991) . However, 70-kDa heat-shock protein (Hsp70) is present in the peripheral circulation of healthy non-pregnant individuals (Pockley et al. 1998) . Circulating Hsp70 levels were found to be elevated in peripheral and renal vascular disease (Wright et al. 2000) , during and after exercise (Walsh et al. 2001; Fehrenbach et al. 2005) , in sickle cell disease, particularly during vaso-occlusive crisis (Adewoye et al. 2005) , in patients with acute infections (Njemini et al. 2003) , with prostate cancer (Abe et al. 2004) or chronic heart failure (Genth-Zotz et al. 2004) , in children with septic shock (Wheeler et al. 2005) , after surgical procedures (Kimura et al. 2004) , as well as following myocardial infarction (Dybdahl et al. 2005 ) and coronary artery bypass grafting (Dybdahl et al. 2002) . We have recently reported that serum Hsp70 levels are significantly lower in healthy pregnant women than in healthy non-pregnant women (Molvarec et al. 2007b ). In addition, we and other research groups observed increased circulating Hsp70 concentrations in preeclampsia (Jirecek et al. 2002; Fukushima et al. 2005; Molvarec et al. 2006) . Furthermore, for the first time in the literature, we demonstrated that serum Hsp70 levels are significantly higher in patients with the syndrome of hemolysis, elevated liver enzymes and low platelet count (HELLP syndrome) than in severely preeclamptic patients without HELLP syndrome (Molvarec et al. 2007a ). According to our findings, elevated serum Hsp70 level reflects tissue damage (hemolysis and hepatocellular injury) and disease severity in HELLP syndrome (Madach et al. in press) . Nevertheless, the cause and clinical significance of increased circulating Hsp70 levels in preeclamptic patients without HELLP syndrome are currently unknown. Therefore, the aim of the present study was to examine whether increased serum Hsp70 levels are related to clinical characteristics and standard laboratory parameters of preeclamptic patients, as well as to markers of inflammation (C-reactive protein), endothelial activation (von Willebrand factor antigen) or endothelial injury (fibronectin), trophoblast debris (cell-free fetal DNA) and oxidative stress (malondialdehyde).
Materials and methods

Study participants
Our study was designed employing a case-control approach. Sixty-seven preeclamptic patients and 70 normotensive (blood pressure <140 mmHg systolic and <90 mmHg diastolic), healthy pregnant women with uncomplicated pregnancies were involved in the study. The study participants were enrolled in the 1st Department of Obstetrics and Gynecology and in the Department of Obstetrics and Gynecology of Kútvölgyi Clinical Center, at the Semmelweis University, Budapest, Hungary. All women were Caucasian and resided in the same geographic area in Hungary. Exclusion criteria were multifetal gestation, chronic hypertension, diabetes mellitus, autoimmune disease, angiopathy, renal disorder, maternal or fetal infection and fetal congenital anomaly. The women were fasting, none were in active labor, and none had rupture of membranes. The subject group is a subgroup of one of our previously published studies (Molvarec et al. 2006) . However, in that study, only serum Hsp70 levels were measured and reported.
Preeclampsia was defined by increased blood pressure (≥140 mmHg systolic or ≥90 mmHg diastolic on ≥2 occasions at least 6 h apart) that occurred after 20 weeks of gestation in a woman with previously normal blood pressure, accompanied by proteinuria (≥0.3 g/24 h). Blood pressure returned to normal by 12 weeks postpartum in each preeclamptic study patient. Pregnant women with eclampsia or HELLP syndrome were not enrolled in this study. Fetal growth restriction was diagnosed if the fetal birth weight was below the 10th percentile for gestational age and gender, based on Hungarian birth weight percentiles (Joubert 2000) .
The study protocol was approved by the Regional, Institutional Committee of Medical Ethics at the Semmelweis University, and written informed consent was obtained from each patient. The study was conducted in accordance with the Declaration of Helsinki.
Biological samples
Maternal blood samples were obtained from an antecubital vein into native, as well as ethylenediaminetetraacetic acid or sodium citrate anticoagulated tubes and centrifuged at room temperature with a relative centrifugal force of 3,000×g for 10 min. The aliquots of serum and plasma were stored at −80°C until the analyses were performed.
Laboratory methods
Serum Hsp70 levels were measured by using the enzymelinked immunosorbent assay (ELISA) Kit of R&D Systems (DYC1663E, Minneapolis, MN, USA). Ninety-six-well microtiter plates were coated with mouse anti-human Hsp70 capture antibodies (100 μl; 2 μg/ml) in carbonate buffer (pH 9.5) overnight at 4°C. Plates were washed with phosphate-buffered saline (PBS) containing 0.1% Tween 20 three times and non-specific binding sites blocked by incubation with 200 μl of PBS containing 0.5% gelatin and Tween 20 for 1 h at room temperature. After washing, 100 μl of the reference preparation (recombinant human Hsp70, 0-10 ng/ml) or samples (1:1) was added and the plates were incubated for 2 h at room temperature. Plates were subsequently washed and Hsp70 binding was determined using biotinylated rabbit anti-human antibodies (100 μl; 0.5 μg/ml) in PBS gelatin. After 1.5 h at room temperature, plates were washed and incubated with streptavidin-horseradish-peroxidase (HRP, 1:200) in PBS gelatin for 20 min at room temperature. Plates were washed and 100 μl of o-phenylene-diamine (OPD) (Sigma, St. Louis, MO, USA) in citrate buffer was added. The optical density was measured at λ=490 nm (reference at λ=620 nm). The detection range of the assay was 0.05-10 ng/ml, the intra/inter-assay variability <10/<16%, respectively.
Standard laboratory parameters (clinical chemistry) and C-reactive protein (CRP) levels were determined by an autoanalyzer (Cobas Integra 800, Roche, Mannheim, Germany) using the manufacturer's kits. Plasma von Willebrand factor antigen (VWF:Ag) levels were quantified by ELISA (Dakopatts, Glostrup, Denmark), while plasma fibronectin concentration by nephelometry (Dade Behring, Marburg, Germany), according to the manufacturer's instructions. After extracting DNA with the silica adsorption method, the amount of cell-free fetal DNA in maternal plasma was determined in patients with male newborns by quantitative real-time PCR analysis of the sex-determining region Y (SRY) gene, as we described previously (Lazar et al. 2006) . Plasma malondialdehyde levels were measured by the thiobarbituric acid-based colorimetric assay (Placer et al. 1966 ).
Statistical analysis
The normality of continuous variables was assessed using the Shapiro-Wilk's W test. As the continuous variables were not normally distributed, nonparametric statistical methods were used. To compare continuous variables between two groups, the Mann-Whitney U test was applied. The Fisher exact and Pearson χ 2 tests were performed to compare categorical variables between groups. As serum levels of Hsp70 and C-reactive protein, as well as plasma levels of VWF antigen, fibronectin, cellfree fetal DNA and malondialdehyde showed skewed distributions, we performed analyses of covariance (ANCOVA) with logarithmically transformed data. The Spearman rank order correlation was carried out to calculate correlation coefficients. The scatterplots were created, as a nonparametric method, with logarithmically transformed values of the dependent variable.
Statistical analyses were carried out using the following software: STATISTICA (version 7.1; StatSoft, Inc., Tulsa, OK, USA) and Statistical Package for the Social Sciences (version 15.0 for Windows; SPSS, Inc., Chicago, IL, USA). For all statistical analyses, p<0.05 was considered statistically significant.
In the article, data are reported as median (range) for continuous variables and as number (percent) for categorical variables.
Results
Patient characteristics and standard laboratory parameters
The clinical characteristics of the study participants are shown in Table 1 . There were no statistically significant differences in maternal age and the percentage of smokers and primiparas between the two study groups. The body mass index (BMI) and gestational age at blood draw were significantly higher in the preeclamptic group compared with the control group. The systolic and diastolic blood pressures were significantly higher, whereas the gestational age at delivery and the fetal birth weight were significantly lower in the preeclamptic group than in the control group. Fetal growth restriction was absent in control subjects, whereas the frequency of this condition was 16.4% in the preeclamptic group.
As depicted in Table 1 , the serum blood urea nitrogen (BUN) and creatinine levels were significantly higher in the preeclamptic group compared to the control group, but these parameters were within the normal range in each patient in both groups. The preeclamptic patients had significantly higher serum bilirubin levels, as well as serum alanine aminotransferase (ALT) and lactate dehydrogenase (LDH) activities than the control subjects. However, no significant differences were observed in serum aspartate aminotransferase (AST) activities between the two study groups.
Serum Hsp70 levels and markers of inflammation, endothelial activation or injury, trophoblast debris and oxidative stress Serum levels of Hsp70 and C-reactive protein and plasma levels of VWF antigen, fibronectin, cell-free fetal DNA and malondialdehyde were significantly higher in preeclamptic patients than in normotensive, healthy pregnant women ( Table 1 ). The differences in these variables between the two study groups remained significant even after adjustment for maternal age, BMI and gestational age at blood draw in analyses of covariance (ANCOVA).
Relationship of clinical characteristics, standard laboratory parameters and markers of inflammation, endothelial activation or injury, trophoblast debris and oxidative stress to serum Hsp70 levels in preeclampsia
We investigated whether clinical characteristics and laboratory parameters of preeclamptic patients are related to serum Hsp70 levels by calculating the Spearman rank order correlation coefficients (Table 2 ). In the preeclamptic group, serum Hsp70 levels showed significant correlations with serum CRP levels (Spearman R=0.32, p=0.010), serum AST (Spearman R = 0.32, p = 0.008) and LDH activities (Spearman R=0.50, p<0.001), as well as with plasma malondialdehyde levels (Spearman R=0.25, p= 0.043). However, clinical characteristics of preeclamptic patients (maternal age, parity, BMI and gestational age at blood draw, systolic and diastolic blood pressure, gestational age at delivery and fetal birth weight) were not related to serum Hsp70 levels. Furthermore, serum levels of BUN, creatinine and bilirubin, serum ALT activity, as well as plasma levels of VWF antigen, fibronectin and cell-free fetal DNA did not show significant correlations with serum Hsp70 levels in the preeclamptic group. The relationship of serum Hsp70 levels to laboratory markers of hepatocellular injury, inflammation and oxidative stress in preeclamptic patients are visualized with scatterplots ( Fig. 1) . As can be seen in Fig. 1 , the correlation between plasma malondialdehyde concentrations and serum Hsp70 levels was more pronounced with logarithmic transformation than calculating with the Spearman rank order statistics.
The sample size of the preeclamptic group allowed us to detect a correlation coefficient (rho) of 0.30 or higher, at a Type I error rate of 0.05, with a statistical power of at least 80%.
Discussion
In the present study, increased serum Hsp70 levels showed significant correlations with serum CRP levels, serum AST and LDH activities, as well as with plasma malondialdehyde levels in preeclampsia. However, there was no other relationship between serum Hsp70 levels and clinical characteristics (age, parity, BMI, blood pressure, gestational age, fetal birth weight) and laboratory parameters of preeclamptic patients, including markers of endothelial activation or injury and trophoblast debris.
The intracellular expression of Hsp70 can be induced by ischemia, reactive oxygen species and inflammatory cytokines, as well as by hemodynamic stress (acute hypertension) (Prohaszka and Fust 2004) . Placental ischemia and oxidative stress, an excessive maternal systemic inflammatory response with systemic oxidative stress, as well as hemodynamic stress have been implicated in the pathogenesis of preeclampsia. Hsp70 may be released from viable cells exposed to stressful insults into the extracellular environment by non-classical (endoplasmic reticulum-Golgi-independent) protein transport mechanisms: within exosomes or lysosomes, as well as via intact lipid rafts (Broquet et al. 2003; Lancaster and Febbraio 2005; Mambula and Calderwood 2006). According to our findings, systemic inflammation and oxidative stress seem to be responsible -at least in part -for increased circulating Hsp70 levels in preeclampsia, as suggested by the significant positive correlations of serum Hsp70 levels with circulating levels of CRP (acute phase reactant) and malondialdehyde (lipid peroxidation product). Indeed, inflammatory cytokines have been reported to induce extracellular release of Hsp70 within exosomes (Bausero et al. 2005) . Additionally, oxidative stress has been suggested to be involved in the exercise-induced circulating Hsp72 response and the supplementation with vitamin C and the vitamin E isoform γ-tocopherol completely blunted this response (Fischer et al. 2006) . Furthermore, the antioxidant folic acid, which reduces oxidative stress in vivo, significantly decreased serum Hsp70 levels in patients with type 2 diabetes (Hunter-Lavin et al. 2004b ). Not only can Hsp70 be released from intact cells by active mechanisms, but it may also be discharged from damaged, necrotic cells in a passive manner (Basu et al. 2000) . Circulating Hsp70 levels were found to be increased in several conditions where tissue damage is known to occur (Walsh et al. 2001; Dybdahl et al. 2002; Pittet et al. 2002; Kimura et al. 2004; Adewoye et al. 2005; Dybdahl et al. 2005; Fehrenbach et al. 2005; Suzuki et al. 2006) . Trophoblast apoptosis and necrosis with increased shedding of syncytiotrophoblast microfragments and cell-free fetal DNA into the maternal circulation, as well as endothelial dysfunction/injury play a central role in the pathogenesis of preeclampsia (Redman and Sargent 2001) . In severe cases, preeclampsia may be complicated by ischemic organ involvement, such as acute tubular or cortical necrosis leading to renal failure, hepatocellular necrosis or cerebral ischemia. However, increased serum Hsp70 levels were not related to the markers of trophoblast debris or endothelial dysfunction/injury in our preeclamptic group. Moreover, renal function did not affect circulating Hsp70 levels in our study, but we did not observe renal failure in our patients. Instead, liver enzymes -particularly serum LDH activities -showed the strongest correlations with serum Hsp70 levels in preeclampsia, which suggests that release of Hsp70 from necrotic hepatic cells might substantially contribute to the elevation in circulating Hsp70 levels found in preeclampsia. Interestingly, our research group has recently revealed that hepatocellular injury is associated with increased serum Hsp70 levels both in HELLP syndrome and chronic heart failure (Gombos et al. 2008; Madach et al. in press) .
Although Hsp70 is present in the peripheral circulation of healthy subjects and circulating Hsp70 levels are altered in physiological and pathological circumstances, the origin of circulating Hsp70 in these conditions has not been fully elucidated. Our results denote that release of Hsp70 from trophoblast and endothelial cells might not account for increased serum Hsp70 levels in preeclampsia. Furthermore, hepatocellular necrosis occurs only in severe cases of preeclampsia and it explained only 25% of the variance in serum Hsp70 concentration in our preeclamptic group. Indeed, Hsp70 may also be released from intact hepatic cells, as was observed during semi-recumbent cycling (Febbraio et al. 2002) . Interestingly, a number of acute phase proteins, such as CRP, are also synthesized and released by the liver. Thus, the significant correlation between serum Hsp70 and CRP levels raises the possibility that Hsp70 may originate from this organ in preeclampsia in the absence of hepatocellular necrosis. Moreover, innate immune cells (monocytes and granulocytes), which are exaggeratedly activated in preeclampsia and produce both proinflammatory cytokines and reactive oxygen species, are also capable of releasing Hsp70 into the extracellular space (Hunter-Lavin et al. 2004a ) and might be additional sources of circulating Hsp70 in preeclampsia. Interestingly, circulating levels of both CRP (inflammatory marker) and malondialdehyde (marker of oxidative stress) showed significant correlations with serum Hsp70 levels in our preeclamptic group, which may support this hypothesis.
Elevated circulating Hsp70 level may not only be a marker of preeclampsia, but might also play a role in its pathogenesis. Extracellular Hsp70 derived from stressed and damaged, necrotic cells can act as an intercellular stress signalling molecule, representing an ancestral danger signal of a non-physiological condition, such as cellular stress or damage, to elicit innate and adaptive proinflammatory immune responses (Pockley 2003) . Extracellular Hsp70 acts through binding to surface receptors (CD14, CD36, CD40, CD91, LOX-1, Toll-like receptor 2 and 4) on antigen-presenting cells, stimulating their proinflammatory cytokine (tumor necrosis factor-α (TNF-α), interleukin (IL)-1β and IL-6) and chemokine production, as well as costimulatory molecule expression (Asea et al. 2000; Basu et al. 2001; Asea et al. 2002; Asea 2005) . Furthermore, our research group has previously demonstrated that Hsp70 is a potent activator of the classical pathway of the human complement system (Prohaszka et al. 2002) . The maternal systemic inflammatory response, which seems to be responsible for the signs and symptoms of preeclampsia, involves a rise in number and activation of leukocytes (monocytes and granulocytes) with production of proinflammatory cytokines leading to Th1 bias, as well as the activation of the complement system and the production of acute phase proteins (Redman et al. 1999) . The relationship between increased serum Hsp70 and CRP levels found in our study suggests that circulating Hsp70 might be involved in the development of the maternal systemic inflammatory response in preeclampsia. Indeed, elevated circulating Hsp70 levels have already been observed to be associated with inflammatory responses in several pathological conditions, such as in acute infections, after liver resection and coronary artery bypass grafting, as well as following myocardial infarction (Dybdahl et al. 2002; Njemini et al. 2003; Kimura et al. 2004; Dybdahl et al. 2005) . However, Hsp70 has also anti-inflammatory effects (Kingston et al. 1996; Tanaka et al. 1999; Wendling et al. 2000; House et al. 2001) , and it might therefore also be involved in the resolution of inflammation. Although extracellular Hsp70 has been reported to bind to endothelial cells (Theriault et al. 2005 ) and Hsp70 has recently been found to be associated with endothelial activation in placental vascular diseases (Liu et al. in press), we could not establish any association between circulating Hsp70 levels and markers of endothelial activation or injury in preeclampsia.
Nevertheless, the lack of association between increased serum Hsp70 levels and several measured parameters in preeclampsia may also be due to genetic variations in Hsp70 production, release into the extracellular space or stability. Furthermore, Hsp70, with its intrinsic ability to act as a chaperone, can bind to other macromolecules, which might mask its detection by ELISA.
In conclusion, increased serum Hsp70 levels seem to reflect systemic inflammation, oxidative stress and hepatocellular injury in preeclampsia. However, further studies are required to determine whether circulating Hsp70 plays a causative role in the pathogenesis of preeclampsia or elevated serum Hsp70 levels are only consequences of the disease.
